Introduction
Most of what we currently know about the fine structural organizations of living cells is the result of conventional electron microscopy (EM) and cryo-electron tomography (CET) study of either macromolecules extracted from cells or whole cells fixed at a certain stage of the life cycle [1, 2, 3] . Three-dimensional structured illumination microscopy of living cells has also yielded interesting data [4] . However, so far no method exists for providing real-time imaging of an intact cell down to its smallest molecules. Nevertheless, certain proven results can form a solid foundation for understanding the structure and functioning of living cells at a quite detailed level.
Ribosomes are the main machines for protein production within cells, but a single ribosome cannot do this alone. In fact, cellular protein synthesis needs at least one compartment where ribosomes can work together to translate messenger RNA (mRNA). These structural organizations also protect ribosomes and mRNA from ribonuclease or chemical cleavages.
Considering the tremendous amount of ribosomes in actively proliferating cells and the EM data discussed below, we propose a new model for the structural and functional organization of an essential compartment formed by well-organized chains of polysomes. We also consider the functional connections of such a compartment with cellular transcription and ribosome biogenesis.
From ribosomes to polysomes
Ribosomes were discovered more than a half of a century ago [5] . The main structural organizations of ribosomes have all been found to be similar, even though prokaryotic and eukaryotic ribosomes show substantial differences in size, weight, and molecular composition.
The average size of a prokaryotic ribosome is 200-250 Å and the weight approximately 2.5
MDa, whereas a eukaryotic one is 250-300 Å and weighs from 3.3 MDa in yeast to 4.3 MDa in humans [6] . Most of the fine structural organization features of ribosomes were only uncovered in detail in the past 15-20 years (for a recent review, see [7] ). Upon interaction with mRNA, ribosomes form higher-order structures named polyribosomes, or polysomes, which efficiently translate genetically encoded information into proteins [8] . Encouragingly, during the last two decades, there have been significant improvements in electron microscopy techniques, particularly in (cryo)-electron tomography [1, 9] , as well as in complex computer programs for the collection and analysis of EM data [10, 11] . This progress has yielded new data on the structural organization of polysomes not only in vitro [12] [13] [14] [15] [16] , but also in living cells [10, 17, 18] .
Basic experimental data support a ribosomal compartment model
Most cellular functions arise from the interactions between the many different molecular species that inhabit the cells. In sociology, the behavior of a group of people is described not based on the behavior of the individual members of the group, but instead on the interactions of the individuals with each other. In fact, the same basic principle is observed within a cell: individual molecules interact and are spatially arranged within functional modules, making up the 'molecular sociology' of the cell [19, 20] . Accordingly, this new ribosomal compartment model is based on individual ribosomes working together to form functional ribosomal clusters that thus possess new qualities. Indeed, the intracellular organization into clusters helps explain some of the existing discrepancies between the in vitro and in vivo data, or at least provides an alternative interpretation of these results.
When modeling the ribosomal compartment, at least four major facts had to be considered. First, an extremely large amount of ribosomes are found in actively proliferating cells: in bacteria, 2-3
x 10 per cell [21] . At this concentration, and considering uniform ribosome distribution throughout a bacterial cell, the average distance between ribosomes is predicted to be 340-540 Å, depending on the phase of bacterial growth [21] . This is in fact about the same as the size of an actual ribosome. Second, bacterial ribosomes purified under gentle conditions [22] are easily assembled into ordered crystal structures (E.A. Karpova, PhD thesis, Tbilisi State University, 1989), [23, 24] . Several EM images of the cross-sections of three-dimensional (3D) crystals of Thermus thermophilus bacteria are given here ( Fig. 1a -c) as an example [24] . Milligan and Unwin demonstrated that two-dimensional (2D) crystals are also easily formed during the crystallization of eukaryotic ribosomes in vitro [25] . Third, advances in EM and molecular biology have allowed the reconstruction of electron tomography images of cells that have ordered arrangements of ribosomes during paused translation [18] . On tomograms of polysomeaccumulating bacterial cells, tetramers and long, ordered, double-row chains of densely packed ribosomes are clearly seen (Figs. 1d-e). Notably, on these tomograms the distance between ribosomes is ~25 nm, even smaller than the estimate in the research discussed above [21] . A similar distance between neighboring ribosomes was observed in polysomes from Escherichia coli (E. coli) cell lysate [14] . In fact, at first glance ( Fig. 1 ) it is difficult to say which micrographs were obtained from 3D ribosome crystals, and which were obtained from a cell. We suppose that this similarity is not random, and a certain arrangement of ribosomes close to the ribosomal arrangement in crystals must exist in cells. Finally, when protein synthesis was stopped [26] or paused due to hibernation conditions or hypothermia, 2D ribosome crystals were found in eukaryotes in vivo [27] [28] [29] .
The structural and functional organization of a cellular ribosomal compartment
The main unit is a tetramer consisting of two dimers. 5 The model presented here (Key Figure ) was designed so that its main unit is a ribosomal tetramer, and a set of ordered tetramers surrounds mRNA to form a polysome. Tetramers were chosen because they are clearly visible on EM images of 2D crystals [25] , 3D crystals ( Fig. 1a c), and inside the cell [18] . Each tetramer in the model is assembled by two dimers that are flipped over relative to one another. Such a dimer configuration is based on a filtered EM image showing negatively stained ultrathin cross-sections of 3D ribosome crystals of T. thermophilus [24, 25] , shown here at a higher magnification ( Fig. 3 ). This filtered image clearly demonstrates with 70 Å-resolution that the ribosomal tetramer is formed by two dimers. One dimer faces in the proper translational direction, while the other one faces in the opposite direction. Layers of eukaryotic ribosomes facing in opposite directions were also observed by Milligan and Unwin under crystallization conditions [25] , and this orientation is in agreement with recent EM images of polysomes reconstructed by Baumeister's group [14] . In fact, during purification of bacterial ribosomes, it is known that ribosomal dimers are purified together with 70S monoribosomes [22, 30] . Indeed, when bacteria undergo stress (e.g starvation conditions) they downregulate their ribosomal activity through dimerization of 70S ribosomes by interacting with stationary-phase factors, producing inactive 100S complexes that aid in cell survival [31] [32] [33] . In E. coli, dimerization is mediated by the hibernation-promoting factor (HPF) and ribosome-modulation factor (RMF). The 30S small subunits of the two 70S ribosomes interact with each other to form a two-fold symmetrical particle [32] . However, the ribosome dimerization mechanism varies depending on the bacterial species, and this makes a big difference in 30S orientation [31] .
Notably, ribosomal interaction with hibernation factors does not always result in dimerization, and the regulation and disassembly of 100S ribosomes varies greatly among different bacterial phyla, suggesting that other parameters play a role in the process. For instance, GTPase was 6 recently shown to be a key regulator of 70S and 100S ribosome homeostasis in Staphylococcus aureus, and only GTP can completely dissociate 100S ribosomal dimers [34] . We should emphasize that GTP is the main source of energy for ribosome translation, and particularly for ribosomal translocation on mRNA.
Ribosome dimerization has been observed not only in bacteria [35] , but also in mammalian cells [36] . As mentioned above, 2D ribosome crystals formed by ribosomal dimers/tetramers have been found in eukaryotes under stress conditions (hibernation and hypothermia) [27] [28] [29] .
Ribosomal tetramers are easily isolated along with eukaryotic monoribosomes [25, 29] .
Importantly, these eukaryotic tetramers are active in the poly(U)-translation system, showing that they can synthesize normal proteins [25, 29] . The ability of ribosomes to form dimer/tetramer structures shows the high affinity of ribosomes not just to mRNA but also to one another. It is therefore not random that an asymmetric unit of many 3D prokaryotic and eukaryotic ribosome crystals are dimers, and that the crystal cell unit is often formed by ribosomal tetramers [23, 24, 37, 38] .
Compartmental links to transcription
To ensure optimal gene expression, transcription and translation must be synchronized [39, 40] .
However, just because transcription and translation are linked in time and space [41] , this does not mean that the two events occur in the same compartment. In fact they occur in different cellular compartments in eukaryotic cells: the nucleus supports transcription, while translation takes place in the cytoplasm. This supports the idea that a separate ribosomal compartment occupies a considerable part of the cell during intensive cell growth.
Similarly, several examples of the compartmentalization of transcription and translation have
been observed in prokaryotic cells. For instance, at high growth rates both events occur 7 predominantly in separate sub-cellular domains in Bacillus subtilis, although there is no sharp boundary between the two compartments [42] . In the same way, strong nucleoid-ribosome segregation was demonstrated during the entire cell cycle in E. coli [43, 44] . The location of transcription (nucleoid) and translation (ribosomes) in two compartments does not exclude their cooperation and tight space connection (see Fig. 2 ), which are modified during different phases of cell growth [44] .
In both prokaryotic and eukaryotic cells, a ribosome initiates mRNA translation at the interface between two compartments (translational and transcriptional), where most active RNA polymerases (RNAPs) are localized [42] [43] [44] [45] [46] . We propose that the ribosomes that initiate mRNA translation and bind RNAPs are near the compartment's boundary so that they can provide the platform for further assembly of long chains of ordered ribosomes that will participate in translation ( Fig. 2 ). An active complex is formed between RNA polymerase, initiating ribosomes, and freshly synthesized mRNA fragments (see details in Fig. 2a ). By interacting with other ribosomes from the cluster, mRNA can form a helix or a zigzag ( Fig. 2a and Box 1).
Earlier, some EM images of polysomes were interpreted as linear zigzags, and others as linear helices or even as "collapsed rings" [12, 17] . The final mRNA configuration is dependent on how it interacts with the second, third, and following tetramers. Importantly, mRNA can move through the cluster of tetramers alone or in a binding-tandem with another mRNA. In the latter case, the 3' terminus of one mRNA interacts with the 5' terminus of the other one (see Fig. 2a , 3rd array).
Considering an ordered cluster of ribosomes, we assume that clusters of tetramers ordered within a compartment ( Fig. 2a ) would not be drastically altered in places where mRNA translation is already complete (see Box 2) . Indeed, large changes in the configuration of the compartment would be detrimental, especially in terms of energy costs. Moreover, we suppose that exponential cell growth is typically possible if there is a translational compartment that is already organized and ready for the translation of a bulk amount of different proteins in rapidly growing cells.
Compartmental boundaries
To provide the platform for the further assembly of the long chains of ordered ribosomes involved in translation, the lead ribosomes that initiate mRNA translation and bind RNAPs should connect tightly to the compartment's boundaries ( Fig. 2a ). We suggest that these boundaries could at least in part be formed by lipids. In eukaryotes, a pool of ribosomes produces secretory and membrane proteins that are either transported across or inserted into the membrane. Membrane-bound ribosomes synthesize these proteins in the eukaryotic endoplasmic reticulum (ER) membrane. Protein synthesis, transport and N-glycosylation are coupled at the mammalian endoplasmic reticulum (ER) by complex formation between the ribosome, the Sec61 protein-conducting channel and the oligosaccharyltransferase [48] . On the other hand, there is no sharp membrane boundary between transcriptional and translational compartments in prokaryotes. Prokaryotic membrane-bound ribosomes are connected to the plasma membranes of eubacteria and archaea [49, 50] . Co-translational translocation of secreted or membrane proteins by ribosomes occurs through a conserved protein-conducting channel, Sec61 in eukaryotes, and SecY in prokaryotes. This process is mediated by the signal recognition particle (SRP) and its membrane receptor [50] . It is not known how segregation of nucleoid and ribosome-rich areas occurs, and how the boundaries are formed. However, membraneless organelles and small cellular compartments were recently suggested to be formed by a liquid-liquid phase separation [51] [52] [53] [54] . We assume that a similar process could take place in prokaryotes when forming translational and transcriptional compartments.
We presume that the highly ordered networks of eukaryotic tetramers (2D ribosomal crystals) observed in the cells of hibernated or hypothermic eukaryotes in early EM experiments [27] [28] [29] must be formed by ribosomes attached to the compartment's boundary. Therefore, EM images of 2D eukaryotic ribosome crystals [27] [28] [29] should reveal the structural order in a cell before most translation starts and the cell begins to grow again after hibernation. We also presume that lead ribosomes are already present in newborn cells, ready to synthesize ribosomal proteins which will be assembled into new ribosomes. Indeed, we obtained an interesting EM image showing the final step of bacterial cell division. This clearly shows ribosomal tetramers near the membrane separating two newborn cells during cytokinesis (Fig. 1e) 
The ribosomal compartment and ribosomal biogenesis
The arrival and/or replacement of ribosomes within the polysomal compartment must be constant and dynamic. In eukaryotes, ribosome assembly occurs in various cellular compartments. Preribosomal particles undergo a process of maturation which begins in the nucleus after transcription, continues in the nucleoplasm, is followed by nuclear export, and is completed by quality control in the cytoplasm [55] . In growing yeast cells, about 25 pre-ribosomal particles are exported into the cytoplasm each minute [56] . In bacteria, fewer components and factors are needed for this co-transcriptional assembly process. Ribosome biogenesis occurs, we assume, in or close to the nucleoid area where free ribosomal subunits have been observed in live E.coli cells [43, 44] . The process is highly efficient and rapid, with a single ribosome taking about 2 minutes to be produced [57] . Ribosomal proteins, which are supposed to be synthesized in the ribosomal compartment, might rapidly diffuse to the nucleoid area where the ribosomal RNA (rRNA) is transcribed because of the co-transcriptional nature of the assembly process. Several mechanisms pair ribosome biogenesis and protein translation (Fig. 2c) , and we observe an autoregulatory feedback of translational control between the two processes. Indeed, when the number of actively translating ribosomes is lowered, there is an increase in both rRNA production and ribosomal protein synthesis, and vice versa [58, 59] . This demonstrates the close and direct relationship that exists between ribosomal biogenesis and the preservation of the translational compartment.
Discussion of the model
The model we present here is in agreement with the results of many in vitro [12] [13] [14] [15] and in vivo [10, 17, 18] polysome studies. In this model, large quantities of ribosomes are tightly packed into a compartment, which resembles a crystal structure having ordered large ribosomal areas. The ribosomal compartment is in some ways reminiscent of an organized electronic circuit [60] , in which diodes work together to permit the flow of current in one direction. Similarly, very precisely organized ribosomes allow mRNA to be sent in one direction, and in both of these cases, energy is efficiently and safely transformed into new products. Ribosomal clusters inside cells have been visualized by EM tomography both in prokaryotes [10, 18] and eukaryotes [3, 15, 17] . These tomographic studies indicate that ribosomal arrangement is not chaotic in cells:
ribosomes adjust their configurations according to their neighbors [17, 18] .
The impossible closed-loop mRNA configuration
Our model does not support the widely discussed closed-loop model of cellular protein translation [10, [61] [62] [63] [64] [65] . The "closed-loop" model suggests that polysomal mRNA is formed by interactions between the two mRNA ends (5' interacting with 3'), which would result in a closedlike loop or circular structure, with ribosomes moving along this circular mRNA to synthesize proteins. However, there is no direct structural evidence for this mechanism of translation in a cell [17] .
Our model is in agreement with data showing that the 3' end of mRNA is localized close to an mRNA 5' end [64, 65] , but also showing that, importantly, this may actually be the 5' end of another mRNA molecule. In this scenario, mRNA not only form circles, but also creates long mRNA chains. As soon as the leading 5' terminus of the mRNA strand attaches a ribosome from the ribosome cluster (and interacts with the pool of molecules needed for initiation and elongation), synthesis of a protein begins, with the 5' leading mRNA terminus going on to bind to the second ribosome, third one, and so on. Remarkably, it is not necessary for the mRNAs to be identical, and mRNAs that code different proteins may connect to each other. In this case, two or more proteins can be synthesized by the same set of ribosomes. Such a possibility was recently demonstrated by Morisaki and co-workers, who showed that 5% of ribosomes simultaneously translated two different proteins [66] . Connection of the 3' terminus of one mRNA molecule with the 5' terminus of another newly synthesized mRNA, as we suggest here in our model, is in agreement with earlier data, which demonstrate that the terminating ribosome usually launches the next round of translation [12, 61, 63] . It is noteworthy that "closed-loop" polysomes were not found in prokaryotic and eukaryotic cells by recent electron tomography experiments [10, 17, 18] . We assume that the formation of circular mRNA is possible in solution (in vitro) when mRNA concentrations are low and the two ends of the same mRNA are in close proximity. The suggested "linear" polysomal configuration in our ribosomal compartment model is consistent with recent EM studies of ribosomal arrangements inside of cells in situ [14, 17, 18] .
The linear zigzag or helix polysomes (Box 3) can be easily formed from the set of ribosomes shown in Fig. 2 . Although the natural tendency of mRNAs in polysomes is to bend, leading to characteristic shapes such as the spirals or hairpins observed in fibroblasts or thyroid epithelial cells [67] , this supramolecular organization does not contradict our model within the overall organization of a large ribosomal compartment.
Why is the basic unit of the model a tetramer?
We propose that the ribosomal tetramer plays a major role in translation, and that two oppositely oriented dimers form this tetramer. Dimers of the tetramer can lie in the same plane (as shown in Fig. 2) , one dimer of the tetramer can be slightly offset on the Z-axis (maybe on ¼ or ½ of a packing unit), or the packing of several such dimers can also be considered as a well-organized spiral. Interestingly, the recent in vitro molecular reconstruction of a large eukaryotic polysome shows a very compact helical structure with about four ribosomes per turn [15] . Importantly, in our model the tetramer's two dimers face in opposite directions, with a complete 180° rotation around the Z-axis (Fig. 2 ). This configuration was chosen based on a filtered image ( Fig. 3) in an attempt to explain why EM images showed differing results for in vitro polysomes. In some, two parallel rows of densely-packed ribosomes face each other top-to-top (parallel), while in others there were two rows of ribosomes that faced in the top-to-bottom (antiparallel) direction [14] .
Images of polysomes with anti-parallel rows were previously interpreted as being hairpins or collapsed circles [67] . Our model satisfies both EM results: mRNA is surrounded by two adjoining ribosome rows facing in the same direction, and by two rows in the opposite direction. We cannot exclude the idea that perhaps tetramers can only be formed by dimers facing in the same translational direction in certain areas. Images of ribosomes clustered inside cells were recently reconstructed with parallel and anti-parallel rows of ribosomes [18] seen using EM tomography, template matching, and 3D modeling. Densely packed rows of ribosomes were observed inside the cells, perpendicular to planar tetramers (see Fig. 6 in [18] ), with four rows of ribosomes connected to the planar tetramer interpreted as two hairpins. However, these images are also in agreement with our model, where two adjoining rows of ribosomes face in opposite directions, while two additional rows of ribosomes face in the same direction directly next to them (Fig 2a) . It should also be mentioned that in EM tomograms, some purified polysomes look as if they are partially covered by more than just two rows of ribosomes [12, 69] . 14 Our model features channels for mRNA and for the flow of small molecules and macromolecular complexes inside an ordered network of ribosomal tetramers (Fig. 2 and 3) . These channels were proposed based on EM images of crystal cross-sections ( Fig. 1) , plus a filtered one (Fig. 3, [24] ).
Channels roaming the ribosomal compartment
Based on experimental data, the mRNA channels ( Fig. 2a and Fig. 3, red arrows) are located near the head of a small (30S) ribosomal subunit near the platform [70, 71] . Other channels ( Fig. 2a and Fig. 3 , green arrows) can be used for small molecules (flow of macromolecules and macromolecular complexes) and also, possibly, for macromolecular complexes like chaperones that aid in protein folding. 'Head-to-head' orientation is clearly seen on the filtered image of crystal cross-sections ( Fig. 3) . Accordingly, our model satisfies the in vitro results of Myasnikov et al. [15] , who suggested that the mRNA strand should connect the ribosomes together, forming them into a continuous twisted channel that follows the helical symmetry of the polysome. As we suggested, this channel is already formed by ribosomes interacting with one another due to high affinity.
Translation termination and initiation within the ribosomal compartment
We should emphasize that the spatial organization of ribosomes described here ( Fig. 2a) does not encourage the formation of terminating mRNA hairpins during translation. This is consistent with the ability of ribosomes to block intrinsic termination [39] , and in agreement with data that suggests that the average speed of translation is uniform across the length of coding regions for all genes in the same cell. Translation speed does not depend on the length and amount of encoded proteins [72] , and it varies according to cell types and stages [73] . It is noteworthy that when analyzing ribosome profiling data, Michel and Baranov [72] concluded that the density of ribosomes on mRNA molecules should be similar for both mRNA covered by fast translating ribosomes and for those containing paused ribosomes, and our model supports this conclusion.
Our model is also consistent with the surprising fact that the involvement of termination factors in the translation process is independent of the entire termination event [62] . The model is in agreement with Ribo-seq analysis showing that multiple translation initiation sites are responsible for the translation of numerous open reading frames (ORF) upstream of the protein coding direction [72] .
Remarkably, our model presumes direct interaction between an RNAP and an initiating ribosome in prokaryotes, which means that there is no mRNA transport through the cytoplasm, and synthesized mRNA is protected from degradation. This is in agreement with recent structural ribosome-RNAP studies in the laboratories of Korostelev [74] and Blaha [75] , and with the finding that RNAP and the E .coli ribosome can form an "expressome" transcribing-translating complex [76] . The expressome continuously protects the ~30 nucleotides of mRNA while it moves from the RNAP active center to the ribosome decoding center [76] .
In our model, most active RNA polymerases are localized on the boundary between the transcriptional (DNA) and translational (ribosome) compartments. The study of bacterial cells by 3D structured illumination microscopy has revealed dense clusters of transcribing RNAPs almost exclusively at the nucleoid periphery [4] . Earlier, Lewis et al. [42] used fluorescence microscopy on fixed bacterial cells to demonstrate that there is only a slight overlap between the signals representing RNAPs and those from the ribosomal compartment. This was confirmed in living cells by single-molecule fluorescence imaging [43] . Also, an entropy model suggests that transcription initiation may occur preferentially near the ribosome-rich periphery [45] .
Concluding remarks
Our hypothetical model for the structural and functional organization of the cellular ribosomal compartment is in a good agreement with the current experimental data for both prokaryotic and eukaryotic cells (see Box 3) . We discuss here the formation of the intracellular ribosomal compartment and, in parallel, do a comparison of this compartment with the in vitro growth of ribosomal crystals. We also emphasize that 2D ribosome crystals were observed in vivo in eukaryotes during hibernation and hypothermia. Crystal growth occurs through the process of phase separation, and the creation of compartments inside of a cell might develop in the same way. It has recently been suggested that liquid-liquid phase separation contributes to the formation of many biomolecular condensates such as eukaryotic RNA granules [51, 52] . In the 1960s, Bayer called layers of 2D hypothermic crystallized ribosomes "mysterious cell components" [27] . Today, due to the development of molecular biology and high-resolution structural analysis, the function of these crystalline layers has become more apparent, and there is growing evidence that the ribosomal crystal network is an important intracellular functional stage of the cell. It is extremely difficult to work with living cells, which rapidly react to environmental changes and external stimuli such as temperature shock. Recent advances in cryofocused ion beam (FIB) techniques make now possible to directly observe frozen hydrated cells and tissues by transmission electron microscopy, producing in situ high-resolution 3D snapshots.
Baumeister's group applied this technique to HeLa cells in a single in situ data set, and they were able to confirm the close-packed arrangement of membrane-bound ribosomes into polysomes, having a topology dictated by membrane-association [3] .
We hope that further development of electron microscopy and other new methods for the observation of fine structures within living cells will provide more evidences for this model. We believe that the ribosomal compartment model presented here is critical to the further understanding of the functioning of the cell as a whole system, and it will certainly have an impact on our understanding of "What is the cell?".
Box 1. How does mRNA interact with ribosomes during translation?
In our model, two ribosomes in each tetramer face in the correct translational direction, and two face the opposite way. The ribosomes interacting with mRNAs can form a helix or zigzag inside the stacked ribosomal tetramers. The mRNA-ribosome interactions result in the overall polysome configuration.
2D and 3D models of the interaction of mRNA with ribosomes. Small ribosomal subunits are green, large ones are blue, and mRNA are red.
Box 2. Thoughts on the stability of ribosomal compartments in living cells.
When mRNA translation is complete, the ribosomal compartment may change, but it should not collapse. Indeed, that would be detrimental for cells whose ribosomes should be ready for the next round of translation once growth is activated. However, when the cell is degrading, the ribosomal compartment will be also be diminished and eventually destroyed. For an actively growing cell, when the cell has enough nutrients and is at optimal temperatures, it would be energetically detrimental to disrupt this order. We imagine that during the exponential growth phase, when bacterial cells are rapidly proliferating, the translational compartments of the mother cell with "ready to go" ribosomes should be almost equally divided between two daughter cells. This promotes rapid exponential cell growth, since the cells then do not need to recreate translational clusters from scratch. This is consistent with the data of Lewis et al. [42] and Bakshi et al. [43, 44] who both examined rapidly growing bacterial cells and detected three major clusters of ribosomes localized outside of the cell nucleoid, predominantly at the cell poles and the mid-cell area of the future division site. However, during the stationary growth phase, the fluorescent signals from GFP-fused ribosomes are weaker and more uniformly distributed, which reflects changes in the arrangement of the ribosomes into cellular clusters [42] . section of ribosome crystals of Thermus thermophilus was stained with uranyl acetate and lead citrate as described in Fig. 1 (a-c) . The filtered image was previously published, but is shown here at a higher magnification (49 nm). The crystal's unit cell in projection X0Y is indicated. Red arrows show the possible channels for mRNAs, which presumably cross the packed ribosomes in direction Z inside the cell (perpendicular to the X0Y plane). Green arrows show the channels for the flow of molecules and macromolecular complexes within the cell. 
Figure legends

